Amphibians have traditionally been considered to have low dispersal ability and they have become a model for studies on the eects of man-made habitat fragmentation on genetic variation and population dierentiation. This study examined the genetic population structure in the common frog (Rana temporaria) and the common toad (Bufo bufo) in an archipelago of the northern Baltic Sea. Heterozygosity was not correlated with distance of the island from the mainland nor, in R. temporaria, with eective population size based on census estimates. Generally, no inbreeding was detected in island populations. The overall dierentiation among islands was weak, but the F ST values were signi®cantly larger in R. temporaria (F ST 0.068) than in B. bufo (F ST 0.019). Most of the dierentiation was a result of dierences among groups of islands, dierentiation within them playing a minor role. Thus, assuming Wright's island model of migration, gene¯ow was rather high among closely located islands, but longer distances seemed to form a slight dispersal barrier for R. temporaria. Strong gene¯ow within the study area was con®rmed by lack of isolation by distance. The estimated eective population sizes in R. temporaria were small, the average being 32 breeding females per island. The results indicate that gene¯ow between island populations across the matrix of open, brackish-water sea is extensive and suggest that the anurans are well able to disperse in this natural metapopulation system.
Introduction
In the face of man-made habitat fragmentation, studies of processes aecting genetic population structure in fragmented habitats are becoming increasingly important. Neutral genetic variation in such a subdivided system is regulated most importantly by two factors. First, gene¯ow between local populations tends to homogenize the genetic composition of the whole system so that genetic variation becomes equally distributed between subpopulations. As a result, there will be no dierences between the subpopulations. Secondly, when gene¯ow is restricted, allele frequency dierences may arise between local populations, and dierent levels of genetic variation may be found as a result of increased genetic drift (Avise, 1994) .
Genetic dierentiation among local populations can be measured using genetic markers. These measures can then be translated into a biologically more meaningful quantity, the amount of gene¯ow among populations, by using a demographic model. Wright's island model of migration (Wright, 1969) is most commonly used for this purpose. Although violations from its assumptions (equal gene¯ow from any local population to any other local population, equal size of local populations, etc.) may aect the level of gene¯ow among populations (Whitlock, 1992; Giles & Goudet, 1997) , it is clear that the distribution of genetic variation in the system is largely in¯uenced by the organism's dispersal ability.
Among vertebrates, amphibians are relatively poor dispersers and highly philopatric (Blaustein et al., 1994) . This makes them particularly vulnerable to degradation of the environment and to drastic changes in population size (Blaustein et al., 1994; ; Beebee, 1996) . Consequently, amphibians have recently become a focus for studies on the eect of man-induced habitat fragmentation on genetic diversity and population dierentiation (Reh & Seitz, 1990; Hitchings & Beebee, 1997 . This paper reports the study of genetic population structure in a pristine population system comprising natural island populations of two anurans, the common frog (Rana temporaria) and the common toad (Bufo bufo). Both species have recently been shown to suffer from inbreeding and reduced fitness in urban areas (Reh & Seitz, 1990; Hitchings & Beebee, 1997 , but data from pristine natural habitats are lacking.
An analysis was made of the genetic population structure of R. temporaria and B. bufo by using allozymes as markers. First, the amount of genetic variation within the island populations was described by calculating expected heterozygosities (gene diversity), and estimating inbreeding coecients. Secondly, genetic dierentiation was studied among local populations at dierent levels of isolation with Wright's traditional Fstatistics analysis (Wright, 1969) . Thirdly, isolation by distance was explored within the study area by using pairwise F ST estimates associated with geographical distances between populations. Finally, the eective population sizes of the local populations of R. temporaria were estimated using census data on the number of egg clutches.
Materials and methods

Study area and sampling
Both B. bufo and R. temporaria are common and widespread in southern Finland, where they breed in late April±early May. Larvae metamorphose during the period from mid-June until mid-August. . Tadpole samples were collected in late May±early June 1994 from islands and mainland near TvaÈ rminne Zoological Station, Hanko, SW Finland. The Baltic Sea around the islands is brackish water (salinity »6&). On the islands, the anurans reproduce in freshwater rock pools (Laurila, 1998) , but both adults and juveniles can sometimes be found along the seashore (A. Laurila, pers. obs.).
All the rock pools in an area of about 30 km 2 were thoroughly surveyed over the period of several years for spawn clumps and tadpoles (Laurila, 1998) . Twenty-®ve islands were found to be inhabited by R. temporaria, and tadpoles were sampled from 12 of these and from two mainland sites (Table 1, Fig. 1 ). The unsampled islands had only a very small number of breeding individuals (harmonic mean of breeding females close to 1.0), or they were very close (less than 100 m) to other, more densely populated islands. Bufo bufo was found on only six islands, which were all sampled (Table 1 , Fig. 1 ). The sampled islands formed ®ve groups. The distances between the islands within each group ranged from 0.2 to 2.5 km (average 1.0 km), and between the groups of islands from 1.4 to 7.5 km (average 3.9 km).
The samples were collected by sweep-netting from rock pools where the numbers of reproducing females were highest. Whenever possible, several pools on each island were sampled, and the samples from dierent pools were combined. To avoid possible eects of kinbiased schooling behaviour (Waldman & Alder, 1979) on sampling, larvae were collected from several locations in each pool.
Electrophoresis
The samples were analysed by standard horizontal electrophoresis using starch gels. Twenty-three enzyme systems were screened in both species, with 13 loci in R. temporaria and 11 in B. bufo giving reliable results. (EC 5.3.1.8, MPI) . In B. bufo two loci were polymorphic: malic enzyme (EC 1.1.1.40, ME) and IDH. More details of the electrophoretic conditions are given in Laurila & SeppaÈ (1998) .
Genetic population structure
The amount of genetic variation in the populations is described by calculating average expected heterozygosity (gene diversity, H E ). Deviation from panmixia was also analysed by using exact tests (Rousset & Raymond, 1995) . Wright's F-statistics were used to describe genetic dierentiation among the island populations. The standardized allele frequency variance among populations (F ST ) describes the amount of genetic dierentiation between subpopulations. The other indices are the inbreeding coecients of the subpopulations and the whole population (F IS and F IT , respectively; Wright, 1951). Because of the hierarchical structure of the present study, genetic variation was divided into three levels: among all islands, among groups of islands, and among nearby islands within the groups. First the F-indices (F ST , F IS , F IT ) were estimated regarding all islands as separate. Then the data sets from the nearby islands were pooled, and dierentiation among groups of islands (F GT ) was estimated. Finally, the last F ST component describing genetic dierentiation among the nearby islands (F SG ) was obtained by solving eqn (1) (Nei, 1977) for F SG , and substituting the estimates above:
were estimated following Cockerham (1969 Cockerham ( , 1973 . Geographical structuring of the data was also explored by calculating pairwise F STvalues between all pairs of populations, and by plotting these against the metric distances of the corresponding pairs (Rousset, 1997). The isolation by distance was tested using a Mantel test (Mantel, 1967) . The F-analysis was made using software DIPLOID.FOR DIPLOID.FOR (Weir, 1990) , which jackknifes the estimates over populations and loci to obtain standard errors. All other calculations were made by using GENEPOP GENEPOP (Raymond & Rousset, 1995) . According to Wright's island model of migration, genetic dierentiation among subpopulations at an equilibrium of gene¯ow and genetic drift is a function of the population size (N e ) and migration rate (m) (Wright, 1969) :
The product N e m refers to the actual number of migrating individuals per generation needed to maintain Table 1 lists the codes for the islands, and Table 4 gives details of the population sizes.
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the level of dierentiation measured. Because F ST could be estimated from the genetic data, N e m could be obtained at dierent levels of isolation. Furthermore, as the eective population sizes were available for R. temporaria, migration rates could also be calculated.
Effective population size
An estimate of the eective sizes of R. temporaria populations was obtained by censusing egg clutches in all rock pools in the islands each spring during 1993±97. Rana temporaria females lay only a single clutch of eggs per year (Savage, 1961) , and the number of egg clutches represents the number of breeding females in the population (Laurila, 1998) . The three last censuses were made after sampling for the genetic analysis, but as they made no dierence to the other counts they were also included. The eective number of breeding females of each population was calculated based on these censuses as a harmonic mean of the censused population sizes across ®ve succeeding years (Avise, 1994).
Results
Genetic variation and inbreeding
Allele frequencies of the polymorphic loci are shown in the appendix. The average expected heterozygosities were roughly twice as high in R. temporaria as in B. bufo (Table 1) . There was no relationship between heterozygosity and the isolation of the population (measured as the distance of the island to mainland; linear regression: R. temporaria, d.f. 13, b 0.02; r 2 0.04; B. bufo: d.f. 5, b 0.01; r 2 0.01; both NS). Furthermore, there was no relationship between heterozygosity and (log) population sizes in R. temporaria (d.f. 13, b 0.04; r 2 0.09, NS). Results from the present study do not show any consistent indication of inbreeding. In the combined data, all but one locus were in Hardy±Weinberg equilibrium with inbreeding coecients equalling zero (F IS > 0, all NS; F IS < 0, all NS). The only exception was Pgk in R. temporaria, where the inbreeding coecient was signi®cantly larger than zero (P < 0.001). Consequently, the overall average inbreeding estimates within subpopulations were low, and insigni®cant in both species (based on the standard errors; two-tailed ttests: R. temporaria: t 13 0.97; B. bufo: t 5 0.11; both NS). Most single populations were in Hardy± Weinberg equilibrium, too. In R. temporaria, two populations had an excess (F < 0: FuruskaÈ r: P 0.039; LandbjoÈ rkskaÈ r: P 0.033) and three populations a de®ciency of heterozygotes (F > 0: Lillhamn: P 0.002; BraÈ nnskaÈ r: P < 0.001; VindskaÈ r: P 0.042).
Genetic population structure
There was no strong genetic dierentiation among island populations at the geographical scale of this study. In R. temporaria, dierentiation among all islands was moderate (F ST 0.068 0.014), and the major part of this dierentiation (68%) was attributable to dierentiation among the groups of islands (F GT 0.046 0.017). The F ST and F GT estimates were both signi®cantly larger than zero (one-tailed t-tests, both P < 0.02). Allele frequency variation within groups of islands played a minor role (F SG 0.024). It is shown below that the mainland populations of R. temporaria [LandbjoÈ rkskaÈ r (3.3) and TvaÈ rminneoÈ (5.1)] may be the source of a large proportion of allele frequency variance detected by the F-analysis, and that these populations may not ful®l the requirements of the island model. Therefore the Fanalysis was recalculated, excluding these two populations, to estimate gene¯ow among the islands. The F ST values dropped somewhat (F ST 0.054 0.009, F GT 0.029 0.008), but both estimates remained signi®cantly larger than zero (one-tailed t-tests, both P < 0.01). Dierentiation among nearby islands within groups of islands remained practically the same (F SG 0.026).
In B. bufo, the allele frequency variance was generally lower than in R. temporaria (Table 2) . Dierentiation among all islands was only slight (F ST 0.019 0.003), although the estimate was signi®cantly larger than zero (one-tailed t 5 6.33, P < 0.001). The estimate was also signi®cantly smaller than in R. temporaria (two-tailed t 18 50.3, P < 0.001). Dierentiation among groups of islands (F GT 0.016 0.013) was almost identical to that among all islands, but not signi®cantly larger than zero (one-tailed t 2 1.23, P 0.172). Consequently, most of the dierentiation was again attributable to dierences among groups of islands (84%), and there was practically no dierentiation within groups of islands (F SG 0.003).
Effective population size and gene¯ow
Assuming an island model of migration, the estimates of the numbers of migrating individuals (N e m, Table 3 ) are straightforwardly connected to the F ST estimates by eqn (2). In both species, gene¯ow was high, although more pronounced in B. bufo. In R. temporaria, the F ST estimates (excluding populations 3.3 and 5.1) give N e m values between 3.6 and 8.6 as the average numbers of migrants per generation. In B. bufo, F ST estimates translate into 12.9 and 15.4 migrants per generation between all islands and groups of islands, respectively.
The low F ST value within the groups (F SG 0.003) gives a very high number of migrants (N e m 83.1).
The sizes of R. temporaria populations were highly variable, both spatially and temporally, ranging from one to 363 breeding females (Table 4) . The eective population sizes estimated over 5 years ranged from fewer than two females in MellanskaÈ r to 164 in PorskaÈ r ( Table 4 ). The average eective population size was 31.7 breeding females, and 34.8 females excluding populations 3.3 and 5.1. If the latter ®gure is multiplied by two to obtain an eective population size that includes both sexes (assuming equal sex ratio), migration rate (m) can be extracted from the number of migrating individuals (N e m, Table 3 ). This gives 5±12% in every generation as the average proportion of migrants in the island populations. Furthermore, the estimate of the eective population size was only crude and likely to be an overestimate, because any variance in male reproductive success would cause it to decrease. A decreasing population size would straightforwardly increase the proportion of the migrants.
The pairwise F ST estimates plotted against the metric distances between the population pairs did not reveal any clear geographical structuring in the data (Fig. 2) . There was no correlation between the genetic and metric distance among the pairs of populations in either species (R. temporaria: n 14, r s A0.080; B. bufo: n 6, r s 0.027; Mantel tests NS in both species). An interesting pattern emerges from the results on R. temporaria, however. When either LandbjoÈ rkskaÈ r (3.3) or TvaÈ rminneoÈ (5.1) was a member of the pair, the pairwise F ST estimates were relatively high. Of the pairwise F ST with LandbjoÈ rkskaÈ r or TvaÈ rminneoÈ , 79% and 62%, respectively, were in the upper quartile of the distribution of the estimates.
Discussion
Genetic variation in the island populations
The amount of genetic variation in the island populations of R. temporaria and B. bufo was generally low. All the polymorphic loci had only two or three alleles, which is much fewer than found previously; for example, Hitchings & Beebee (1997) and Reh & Seitz (1990) found 15 and 10 alleles at Mpi, respectively, whereas the corresponding ®gure in the present study was three. Low levels of genetic variation can be expected based on small population sizes in the islands. Yet the study population and sample sizes were comparable to those in the studies cited. Alternatively, low levels of genetic variation may be expected in northern fringe populations (SjoÈ gren, 1991; MerilaÈ et al., 1996) , which may also result from small population sizes. However, the northern distribution boundaries are more than 1200 and 800 km north of the present study areas for R. temporaria and B. bufo, respectively (Gasc et al., 1997) .
Expected heterozygosities in single populations were not correlated with the eective population sizes estimated by censusing egg masses, nor with the crude isolation indices we devised. The isolation distance and population size may be of minor importance, however, if strong gene¯ow homogenizes the genetic composition of the whole population. The long-term eective population sizes, for instance, may have been even smaller than estimated here because of bottlenecking, but, given enough time, gene¯ow may have resulted in an even distribution of allele frequencies. Thus gene¯ow has probably equalized the amount of genetic variation in the population and the dierences found across the islands may therefore simply represent sampling variance.
No indication of inbreeding was found in either species in the present study. Most individual populations were at Hardy±Weinberg equilibrium, although in R. temporaria exceptions were found in both directions. The average inbreeding coecient (F IS ) also equalled zero in both species. F IS either refers to true inbreeding within subpopulations or to further genetic substructuring within these areas (Wahlund eect). Although both species breed in several rock pools on the islands (Laurila, 1998), mating appears to be random within the islands (Laurila & SeppaÈ , 1998) rendering genetic substructuring within island populations an unlikely explanation.
Genetic differentiation among the island populations
F ST values exceeding 0.2 show important genetic dierentiation among populations (Avise, 1994) . In this study, genetic dierentiation was expected because low mobility and high site ®delity are general features of amphibians (Blaustein et al., 1994; Beebee, 1996) . However, dierentiation among R. temporaria and B. bufo island populations was generally weak, although signi®cant in both species. The results obtained by the present study suggest that gene¯ow is only little restricted at the scale of this study area, although there was an indication that longer distances may somewhat constrain gene¯ow in R. temporaria. In B. bufo, on the other hand, the extremely low F ST estimate showed free gene¯ow among closely located islands, and also ample gene¯ow across larger distances. Adult philopatry is suggested to be high in these species (Blab, 1986; Reading et al., 1991) . If this is true, juvenile dispersal must be an important mechanism damping genetic dierentiation between the populations (Beebee, 1996) . ). The documented migratory range of anuran juveniles in terrestrial habitats covers 2±5 km (e.g. Dole, 1971; Reading et al., 1991) , but the maximum range may be considerably larger. As many amphibians are able to tolerate brackish water for long periods (Ruibal, 1959) , the northern Baltic sea is probably not as strong a dispersal barrier for these species as a matrix of marine water would be. An alternative explanation for the low genetic dierentiation within the study area is that the anurans have only recently colonized the area, and there may not have been enough time for the genetic dierences among island populations to emerge as a result of drift. This seems unlikely, however, because old maps show that suitable habitats have existed for several hundreds of years on the islands and there is no reason to assume that the anurans have not been present during that time. In fact, several recent studies have shown that young populations may be relatively highly dierentiated as a result of colonization/extinction processes (Whitlock, 1992; Giles & Goudet, 1997) .
The two species varied somewhat in their dierentiation patterns. Dierentiation in R. temporaria was signi®cantly stronger than in B. bufo, despite the fact that B. bufo had, on average, longer distances between populations than R. temporaria (Fig. 1 ). This suggests that B. bufo is a better disperser than R. temporaria. This superior dispersal ability of B. bufo may be caused by the dierence in palatability between the species. Bufo bufo have noxious skin compounds which eectively make them unpalatable to various predators including ®sh (Duellman & Trueb, 1986; Laurila, 1998) . Rana temporaria lacks such defences. As an amphibian swimming in the open sea is easy prey for a predator, chemical defence may enable greater dispersal success of B. bufo between islands. If mortality during dispersal is higher in R. temporaria, more pronounced dierentiation would be expected in this species. This hypothesis is supported by casual observations of individual B. bufo swimming in the open sea of the northern Baltic, and by R. temporaria occasionally occurring in the diet of large gulls (Kilpi & Byholm, 1995; M. Kilpi, pers. comm.) . More detailed analysis of the amount of gene¯ow generally con®rmed the pattern emerging from the Fanalysis. Because the number of migrants (N e m) directly depends on the F ST estimated, there were more migrants in B. bufo than in R. temporaria. Depending on the level of isolation, an average of four to nine individuals migrate every generation in R. temporaria, whereas in B. bufo the corresponding ®gures range from 13 to 83 individuals. With the eective population sizes estimated here, an average of up to 12% of the R. temporaria breeding populations in the islands are migrants in each generation, which again is an indication of strong dispersal and gene¯ow.
No direct estimates were made of the size of the B. bufo populations in the present study area, but they typically appear to be smaller than in R. temporaria in the same islands (A. Laurila, pers. obs.). Therefore, assuming population sizes similar to those in R. temporaria on these islands, the migration rate in B. bufo would be about 15% over longer distances, whereas within nearby islands, the majority (80%) of breeding individuals would be migrants. Because these are minimum estimates, gene¯ow in B. bufo does not seem to be at all restricted at this geographical scale.
Despite the indication that gene¯ow may be somewhat constrained over longer distances in R. temporaria, no systematic isolation by distance eect was found when plotting pairwise F ST s against the geographical distances. The only exceptions were the LandbjoÈ rkskaÈ r and TvaÈ rminneoÈ populations. Both of these were located on the mainland and showed a slight but consistent sign of being genetically dierent from the island populations. This may be explained by easier dispersal and gene¯ow from other mainland sources to these populations than to island populations, and vice versa. Thus, these populations seem to ful®l the assumptions of Wright's island model poorly.
Naturally and unnaturally subdivided anuran populations
Rana temporaria and B. bufo have recently been studied in a system where local populations were isolated because of road construction and other forms of urban development (Reh & Seitz, 1990; Hitchings & Beebee, 1997 . Even though the size of the study areas and the local population sizes in these studies were comparable to that presented here, their results on genetic population structure were profoundly dierent. Both signi®cant inbreeding (Reh & Seitz, 1990; Hitchings & Beebee, 1997) and strong genetic dierentiation among local populations (Reh & Seitz, 1990; Hitchings & Beebee, 1997 were found. The authors suggested that population dierentiation resulted from urban development restricting gene¯ow and causing subsequent inbreeding as a result of population decline and isolation.
Dierentiation among island populations in the present natural study system was only weak, and no signs of inbreeding were found, even though the eective population sizes were extremely small in some of the islands. Thus, the matrix of open brackish-water sea is much less eective in restricting gene¯ow than dispersal barriers caused by urban development. It seems that R. temporaria and B. bufo are well able to disperse over moderate distances between habitat patches as long as unnatural dispersal barriers are not introduced. However, further studies in natural amphibian populations are needed to assess the amount of gene¯ow at a larger geographical scale.
Allele frequencies in the study populations. For all loci, the most common allele is designated 100, and the other alleles either F (fast) or S (slow) according to their mobilities relative to the most common allele 
